Abstract: Most of electricity is consumed in either commercial or domestic refrigeration systems. Since the outer volume is determined, inner volume of a refrigeration system is important for a specified energy consumption. Therefore, the optimum distribution of insulation material according to inside and outside conditions for on and off time of a refrigerator is very important. Uniform distribution of insulation material is useful only convection and conduction resistances are the same for all sides and also on and off periods. In this study, a general solution of the optimum distribution of thermal insulation material for a given insulation material volume or given inner volume is suggested for refrigeration systems and also explained by a case study.
Introduction
Refrigeration systems have large portion of total energy consumption. One of the methods reducing the energy consumption is insulating the walls of a refrigeration system. Great effort is made on determining the optimum insulation thickness using thermo-economical models. Insulation thickness suggested by Christensen [1] and Dimitriyev [2] for refrigerators is between 100 -150 mm for PU foam. Lee et al. [3] introduced a methodology for optimizing the insulation thickness for a given interior volume. Yoon et al. [4] also suggested an optimization strategy for insulation thickness of a refrigerator-freezer system.
Most of studies are related with the building envelopes and only a few deals with the wall orientation and different ambient conditions [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . A literature review on the optimum economic thickness of the thermal insulation for a pipe or duct investigated by Kaynaklı [24] . Wong et al. [25] investigated the heat transfer characteristics of an insulated tank. Usta and Ileri [26] studied the economic optimum values of refrigeration systems for industrial refrigeration systems. Wong and Chou [27] taken into account to variation of convection resistance due to increasing heat transfer surface area using a new regular polygon top solid wedge thermal resistance (RPSWT) model. Sofrata and Salmeen [28] developed a general mathematical model to select the best insulation thickness. Demir et al. [29] and Sevindir et al. [30] proposed a new analytical method for determining the optimum distribution of insulation material under steady state and transient conditions using degree day method for building envelopes and cold storage systems. Pramanick and Das [31] suggested an alternative calculus method for thermal insulation systems considering the variation of heat transfer coefficient. Their model based on increasing the conduction resistance where the convection resistance is lower (e.g. higher heat transfer coefficient). They also employed Bejan's method of intersecting asymptotes [32, 33] to find an order of magnitude for a ceiling value of the wall material. Although there are many studies, a comprehensive study dealing with the optimum distribution of insulation material In this study, optimum distribution of insulation material considering operating conditions along with the technical parameters should be done.
In this study, optimum distribution of insulation material was studied for refrigerators. Effects of temperature differences, convection heat transfer coefficients and also run time ratio of a refrigerator on optimum distribution of a refrigerator have been investigated. Variation of convection heat transfer coefficients and temperature differences during on and off period of a refrigerator system were also included.
Material and Method
A typical refrigerator has finite number of walls having different thermal resistances which are in contact with different environments (e.g. compressor compartment, condenser space, kitchen environment etc.) at different temperatures ( Figure 1 ). Amount of heat transfer per unit area through i th wall which consists of different layers for 365 days period can be expressed as, Where τ is the run time ratio and can be expressed as;
Run time ratio depends on operating conditions of a refrigerator (room temperature, opening and closing door, new food input to the refrigerator etc.) and may be obtained from refrigerator manufacturers. If it is desired to rewrite the resistance of the wall except insulation material, Also the derivative of qi with respect to lins,i is of the form, For a given amount of insulation material volume (or inner refrigerator volume), increasing the insulation thickness of a wall results in decrease of other walls thickness and so the total insulation volume remains the same. Increasing thickness also decreases the amount of heat transfer from the corresponding surface. Since the variation of heat transfer rate by insulation thickness is not linear, the resulting total heat transfer from the surfaces decreases with increasing insulation thickness. It can be seen that the minimum total heat transfer rate is where dq/dl for all walls are equal to each other ( Figure 2 and 3) and optimum insulation thicknesses can be determined by equalizing the dq/dl values for all walls.
Total insulation material volume is expressed as;
Equalizing the dq/dl for N walls,
it gives, 
and simplifying the Eq.(8) gives,
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Since the resulting equations are implicit, they can be solved using graphical methods or specialized software (EES, MATLAB etc.).
Values in Table 1 were used for obtaining the variations and effects of different parameters. In Figure 2 and 3, two wall with unit area is considered. Walls (Wall #1 and Wall #2 which are chosen arbitrary) are in contact with the environments at different temperatures and also convection heat transfer coefficients are different. Since the total insulation material volume is constant, increasing the insulation thickness of the first wall results in decrease the thickness of the second wall.
Higher insulation thickness of a wall results decrease in total amount of heat transfer from the corresponding wall. As seen in Figure 2 , the total amount of heat transfer passes through a minimum point where the dq/dl values of the two walls are equal to each other and it is the optimum point. In Figure 3 , the effects of the run time ratio on the total amount of heat transfer and dq/dl are also given. Figure 4 , 5 and 6 effects of the run time ratio, wall resistances ratio of on and off time period and thermal conductivity on the amount of heat transfer per unit area and dq/dl are represented respectively. The amount of heat transfer per unit area increases for bigger values of run time ratio due to higher temperature differences and convection heat transfer coefficients (Figure 4a ) and therefore dq/dl increases as well (Figure 4b ).
Convection heat transfer coefficient are higher inside the refrigerator cabin due to operation of a fan during the on period. Beside this, temperature differences are also higher for compressor compartment and condenser section during on period. Effects of thermal resistances ratio for on and off period on the amount of heat transfer and dq/dl are given in Figure  5 .
Effects of thermal conductivity of the insulation material on the amount of heat transfer and dq/dl are given in Figure 6 . The amount of heat transfer increases with higher thermal conductivity values as expected but has little effect on dq/dl up to insulation thickness of 0.02 m and higher than 0.14 m.
Case study
A typical refrigerator (WxDxH=700x600x1700 mm) with its walls in contact with the environments at different temperatures are given in Figure 7 .
As shown in Figure 7 , front, bottom, top and side walls are assumed in contact with room (kitchen) air and the temperatures and convection heat transfer coefficients are the same for on and off periods (Table  2) . Also, condenser spacing and compressor compartment conditions are also assumed the same as the kitchen air during the off period. For on and off periods, temperatures and corresponding convective heat transfer coefficients are given in Table 2 in detail.
Figure 7.
Refrigerator geometry used for case study and operating conditions Calculation were carried out for the conditions given in Table 2 . Since the resulting equations are implicit, graphical method used for determining the optimum insulation thicknesses and corresponding total amount of heat transfer. Results are summarized in following section.
Results
In Figure 8 , 9, 10 and 11, insulation thickness ratios are given for run time ratio τ=0.25, 0.50, 0.75 and 1 respectively. Here, Wall#1 (walls in contact with room air: front, bottom, top and side walls are assumed as Wall #1 since corresponding temperature differences and convection heat transfer coefficients are the same) is selected reference wall and dq/dl value is calculated for insulation thickness of 0.05 m. Then the variation of the dq/dl values for Wall#2 (back of refrigerator which is in contact with condenser) and Wall#3 (which is in contact with Table 3 .
As seen in Table 3 , maximum difference in total amount of heat transfer for optimum and uniform insulation thickness cases are up to 4.8% for the run time ratio of 1. Figure 11 . dq/dl vs li for τ=1
Discussion and Conclusion
In this study, a general solution of the optimum distribution of thermal insulation material considering refrigeration systems are given. It is concluded that;
• Optimum distribution of insulation material using proposed method can be easily calculated. The results are the optimum values and new methodology eliminates iterative process,
• Maximum difference in total amount of heat transfer for the optimum and the uniform insulation thickness cases are up to 4.8% for to run time ratio of 1. A typical A+ refrigerator which has the 425 liter net volume consumes 0.92 kWh/24h and 335.6 kWh/year. Therefore, reduction in electricity consumption by about 2.2% (run time ratio 0.5) results in 7.38 kWh/year saving per single unit refrigerator.
• Effects of the economical parameters can be implemented the present methodology to introduce thermo-economic optimization strategy for determination of optimum insulation thickness distribution. [5] Söylemez, M., Ünsal, M., 1999. Optimum insulation thickness for refrigeration 
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